2 interaction between P3HT and PCBM is likely to be responsible for the observed frustration of P3HT, the plasticization of PCBM and the partial miscibility of P3HT and PCBM.
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KEYWORDS Conjugated polymer, fullerene, dynamics, modelling, quasi-elastic neutron scattering Photocurrent generation in organic photovoltaic (OPV) devices occurs through a two-step process, involving the dissociation of photo-generated excitons into free charges at the interface between electron donating and electron accepting components -typically, a conjugated polymer and a fullerene derivative -and the transport of those free charges to the relevant electrodes.
The specific microstructure of the OPV active layer has been shown to impact these optoelectronic processes. The microstructure depends on the polymer:fullerene ratio, but also on the processing conditions. 1 In the case of a blend of a semi-crystalline polymer with fullerene, at fullerene concentrations below the miscibility limit of the fullerene with the polymer, the blend is composed of two phases consisting of nano-scale polymer crystalline domains embedded in an 3 amorphous mixture of polymer and fullerene. 2 Above this threshold, the fullerene phase separates resulting in a three phase microstructure. 3, 4 Even below the glass transition temperature of polymers, relaxation processes of the side chainsused to solubilize polymers and small molecules for easy solution processing -take place on picoseconds to nanosecond time scales. This broad range of time scales are compatible with electronic processes such as charge separation, which has been shown to take place on subpicosecond timescales. 5 These structural dynamics are likely to modulate the dynamics and therefore the transfer of excitons and charges within the blend since energy and charge transfer are strongly dependent on local molecular packing. These structural dynamics are also important for mechanical stability of the materials: molecular motions are temperature-dependent and molecular diffusion becomes predominant above the glass transition of the polymer:fullerene blend leading to structural instabilities of the blends. This has been shown to be one of the degradation mechanisms of OPV devices. 6 However, structural dynamics of OPV active layer are not well understood. This is the opportunity that we are trying to address in this letter.
Building a robust model of the structural dynamics will make it possible to study the impact of these underlying structural disorder on the electronic processes.
In order to understand the structure-property relationship of OPV blends, recent studies have used molecular dynamics (MD) simulations to generate initial solid-state structures and extract molecular pairs to calculate transfer processes using quantum chemical methods. 7, 8 However, these structural models are hard to validate experimentally and the effect of the underlying molecular dynamics on the definition of pairs and on the transfer process is largely overlooked.
The presence of another component in the blend may alter the conformation and the dynamics of 4 both polymer and small molecules compared to their behavior in neat samples through specific interactions at the molecular level.
A single glass transition temperature has been previously reported for P3HT:PCBM across a large range of composition. The observation of a single glass transition for the blend is consistent with the existence of a mixed amorphous phase of P3HT and PCBM as reported by Treat et al.
and Leman et al. 9, 10 It should be noted that when applied to the P3HT:PCBM blend system the empirical Fox equation accurately describes the glass transition of P3HT:PCBM blends with a large amount of either P3HT or PCBM but fails for middle-range compositions, 11 which are of interest for OPV. In a previous study, 12 we probed the local dynamics of a blend of regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT) and Phenyl-C61-butyric acid methyl ester (PCBM) at a has been estimated to be between 10 and 25 wt% by various groups 2,9,13-14 and the model of the microstructure comprising solely a neat polymer and a neat fullerene phase has been ruled out experimentally in the favour of a three phase model with the fullerene being mixed with the polymer in the amorphous domain. 2 Phase separation is not achievable reachable within accessible time scales using fully atomistic MD simulations, thus the signal is reconstructed from the following three phases studied separately: crystalline P3HT, crystalline PCBM and the amorphous mixture leading to an overall PCBM loading of 50 wt%.
Previous studies have used MD simulations to study P3HT:PCBM microstructure and to investigate electronic processes at the interface. Carrillo et al. 15 and Liu et al. 16 assume that blends have a phase-separated microstructure with pure crystalline components and pure amorphous components. In all cases, they find that co-faciality between P3HT and PCBM is favoured. This is also supported by DFT calculations. 17, 18 Lee et al used a coarse-grained approach to study thermal annealing at 150°C of P3HT:PCBM blend and used reverse mapping to fully atomistic representation. They showed that phase separation occurs at 1:1 weight ratio upon annealing but the resulting domains were not pure, supporting the three-phase model. 19 Tummala et al. 20 have found using MD simulations that (i) the mechanism for mechanical failure of blends of P3HT and a fullerene derivative is that the polymer pulls away from the interface with the fullerene phase, creating voids and that (ii) the failure is dependent on the fullerene side chains, pointing towards specific molecular interactions between polymer and fullerene.
MD simulations were performed using the Gromacs-4.6.5 package, [21] [22] [23] where a leapfrog algorithm was adopted and periodic boundary conditions were applied in all directions. All the collection runs were carried out for 50 ns with a time step of 2 fs in NPT ensemble using a The simulation shows that the motions of some degrees of freedoms lie lower in energy than the experimental energy window of the IN6 spectrometer. 12 Thus, these motions are too slow to be resolved by the IN6 spectrometer and so are considered as elastic. Other motions lie higher in energy than the experimental energy window of the spectrometer. These motions are too fast to be resolved and thus, are contributing to the apparent background of the experiment.
As temperature increases, the maxima of the probability distribution functions shift to higher energies for all samples considered here, indicating a quickening of the motions. Thus, some motions such as the reorientation of h-P3HT side chains around the bond CT1-CT2 considered elastic at 250 K enters the energy window of the spectrometer at 360K and others such as the reorientation of the h-P3HT side chain around the bond CT4-CT5 becomes too fast to be resolved and thus, leave the energy window of the spectrometer.
Upon blending, both experimental and simulated probability distribution functions shift towards lower energies for h-P3HT while the opposite trend is found for h-PCBM, at 250 and 360K. The largest shift arises for h-PCBM at high temperature. This indicates that the motions of P3HT are slowed down while the motions of PCBM are quickened. In other words, upon blending P3HT becomes frustrated while PCBM is plasticized, which is in good agreement with the experiment.
Modelling enabled us to conclude that it occurs for all degrees of freedom and on a longer time scale (up to 50 ns here). Table 1 ); thus, PCBM is expected to be homogeneously dispersed in the amorphous P3HT matrix. 
4-3HT-PCBM -50 -45
The relaxation times for each degree of freedom within the different phases are provided in Supporting Information (Tables S2, S4 , S6 and S8). A summary of the contributions of P3HT
and PCBM in different phases to the measured QENS spectra of the overall systems is provided in Figure 2 . The contributions are divided into elastic, quasi-elastic and apparent background as defined previously. Each contribution is weighted by its incoherent neutron-scattering crosssection.
It can be seen that a very few degrees of freedom fall within the time window of IN6. P3HT is predominantly amorphous. Recent papers estimated its crystallinity to account for ~20% by volume of the P3HT phase in blend films. 24 Therefore, the QENS spectra are dominated by the In order to investigate the microscopic reasons for the observed frustration of P3HT and plasticization of PCBM, we calculated the conformational entropy (cf. Supporting Information)
of both P3HT and PCBM in neat amorphous samples and in the amorphous blend. Figure 3 shows that P3HT frustration can be explained by a decrease in the conformational entropy upon blending, while PCBM plasticization can be related to an increase in the conformational entropy upon blending with P3HT; in both cases this would occur both below and above the glass transition of P3HT. The glass transition of P3HT and PCBM are around 275K and 400K
respectively. [25] [26] Note that the glass transition temperature is not well defined in the literature since its determination depends on the molecular weight and on the technique used for measuring the transition. 11, 27 In the case of P3HT, the increase of the conformational entropy with temperature is much larger than the change upon blending but it is of the same order of magnitude in the case of PCBM. The slight decrease in entropy of P3HT upon blending is consistent with a reduced flexibility of P3HT upon blending, inhibiting the molecules ability to 14 sample new configurations during the simulation. This can be directly correlated with a 4.5% decrease in free volume relative to the neat sample for P3HT at 250K, and a decrease of 5.4 % upon blending at 360K. For PCBM, an increase in free volume of 18% and 28% upon blending relative to the neat sample at 250K and 360K respectively is found.
We study the impact of PCBM on P3HT conformation by looking at the relative arrangement of the two molecules in the blend. The snapshot in Figure 4 (a) suggests that the P3HT chain tends to wrap around the PCBM molecule. To quantify this behavior, we define the angle  (Figure 4 We observe this partial wrapping effect on the four blends we study in this paper h-P3HT:h- 28 and it has been shown that this wrapping mechanism stabilized carbon nanotube dispersions and that it was influenced by the presence of sulfur in the polymer and by the radius of the carbon nanotube. 29 Also, supramolecular crown ether and metal complex with corannulene derivative ligands have also been shown to embraced C60 fullerene. [30] [31] Previous MD studies on P3HT:PCBM [15] [16] 20 have focused on modelling adjacent slabs of pure P3HT and pure PCBM while experimental studies evidence the presence of an amorphous mixture of P3HT and PCBM. 2 The wrapping effect has not been observed due to the constrained molecular arrangement in adjacent slab. However, evidence of co-faciality in the blend, which is also compatible with wrapping, has already been reported both experimentally using time-resolved electron paramagnetic resonance method [32] [33] and using simulations at the interface between P3HT and PCBM layers.
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The wrapping of P3HT leads to a frustration of P3HT backbone movement since the possible conformation to be adopted is restrained. Also, the side chains are pushed outside of the complex C60-thiophene and lead to a restriction of the free volume in which they can evolve, thus leading to a frustration of all rotational movements along the side chains. On the contrary, this wrapping effect stabilizes individual PCBM in the blend. The lower density of the packing of the polymer leads to enhance mobility for PCBM and leads to the observed plasticization effect. This stabilization of individual PCBM in the blend is limited to a certain range of composition but is likely to be promoting the partial miscibility previously observed for P3HT and PCBM.
In conclusion, studying the different phases of the 3-phase microstructure of OPV active layer by MD simulations enabled us to identify the molecular motions within the different phases captured by our previous experiment using IN6 spectrometer and to rationalize the observed P3HT frustration and PCBM plasticization by P3HT wrapping itself around PCBM molecule in the amorphous mixture. We studied the contributions from the various degrees of freedom from both P3HT and PCBM within different phases (crystalline, amorphous and amorphous mixture) and showed that within the amorphous mixture, the dynamics of the reorientation of P3HT side chains are inhibited by the presence of PCBM and the dynamics of PCBM side chains are found to be quickened when blended with P3HT on the time scale of our previous experiment (up to 50 ps). MD enabled us to study P3HT and PCBM dynamics on longer time scale (up to 50 ns) and we found that the observed frustration of P3HT and plasticization of PCBM can be extended to motions that were not captured by IN6 spectrometer. These trends are consistent with changes in the free volume available for conformational fluctuation upon blending.
We showed that the observed P3HT frustration and PCBM plasticization behaviors are due to specific interactions between P3HT and PCBM in the amorphous mixture. P3HT wraps itself around PCBM with the thiophene being co-facial to PCBM. It has been shown that miscibility is a parameter controlling the fill factor of OPV devices 34 but also their microstructural stability. 13, 35 Such polymer arrangement with monomers co-facial to the small molecule acceptor are also likely to be beneficial for charge transfer and thus, charge generation. Thus, we speculate that the knowledge of such specific interactions can lead to the design and selection of small molecule acceptors to improve morphological robustness. Adding more side chains to the fullerene cage or replacing the linear side chain of PCBM with bulkier and longer side chains is likely to inhibit the wrapping effect of conjugated polymer and leads to lower interactions between the polymer and the fullerene. This has already been evidenced for the bis and tris adduct of PCBM by differential scanning calorimetry, 36 and replacing PCBM side chain has been proven an effective method to reduce the fullerene miscibility with poly(3-hexylselenophene), ,P3HS. 34 Recently, advances have been made in the synthesis of non-fullerene acceptors. 37 A trade-off between planarity and miscibility has to be reached in order to create a suitable blend microstructure for efficient OPV devices. Planarity is believed to enhance charge transport but unfavorably large aggregates of the non-fullerene acceptors have been observed. [38] [39] Strategies to overcome large aggregation include the design of molecules featuring a large intramolecular twist. 40 We speculate that tuning the interaction between the polymer backbone and the nonfullerene acceptor can inhibit the large phase separation. Combined QENS and MD studies of blends of conjugated polymers with such new acceptors could therefore be valuable.
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